Surface-layer ͑S-layer͒ supported lipid membranes on solid substrates are interfacial architectures mimicking the supramolecular principle of cell envelopes which have been optimized for billions of years of evolution in most extreme habitats. The authors implement this biological construction principle in a variety of layered supramolecular architectures consisting of a stabilizing protein monolayer and a functional phospholipid bilayer for the design and development of new types of solid-supported biomimetic membranes with a considerably extended stability and lifetimecompared to existing platforms-as required for novel types of bioanalytical sensors. First, Langmuir monolayers of lipids at the water/air interface are used as test beds for the characterization of different types of molecules which all interact with the lipid layers in various ways and, hence, are relevant for the control of the structure, stability, and function of supported membranes. As an example, the interaction of S-layer proteins from the bulk phase with a monolayer of a phospholipid synthetically conjugated with a secondary cell wall polymer ͑SCWP͒ was studied as a function of the packing density of the lipids in the monolayer. Furthermore, SCWPs were used as a new molecular construction element. The exploitation of a specific lectin-type bond between the N-terminal part of selected S-layer proteins and a variety of glycans allowed for the buildup of supramolecular assemblies and thus functional membranes with a further increased stability. Next, S-layer proteins were self-assembled and characterized by the surface-sensitive techniques, surface plasmon resonance spectroscopy and quartz crystal microbalance with dissipation monitoring. The substrates were either planar gold or silicon dioxide sensor surfaces. The assembly of S-layer proteins from solution to solid substrates could nicely be followed in-situ and in real time. As a next step toward S-layer supported bilayer membranes, the authors characterized various architectures based on lipid molecules that were modified by a flexible spacer separating the amphiphiles from the anchor group that allows for a covalent coupling of the lipid to a solid support, e.g., using thiols for Au substrates. Impedance spectroscopy confirmed the excellent charge barrier properties of these constructs with a high electrical resistance. Structural details of various types of these tethered bimolecular lipid membranes were studied by using neutron reflectometry. Finally, first attempts are reported to develop a code based on a SPICE network analysis program which is suitable for the quantitative analysis of the transient and steady-state currents passing through these membranes upon the application of a potential gradient.
I. INTRODUCTION
Crystalline bacterial surface-layer ͑S-layer͒ proteins represent the outermost cell envelope component of a broad spectrum of bacteria and archaea ͓for review, see Refs. 1-4͔. S-layers are composed of a single protein or glycoprotein species ͑M w of 40-200 kDa͒ and exhibit oblique ͑p1, p2͒, square ͑p4͒, or hexagonal ͑p3, p6͒ lattice symmetries with unit cell dimensions in the range of 3-30 nm. Bacterial Slayers are generally 5-10 nm thick. They represent highly porous protein lattices ͑30%-70% porosity͒ with pores of uniform size and morphology in the 2-8 nm range. Most often, the outer S-layer face is less corrugated than the inner one and bears no net charges while the inner face is either net positively or net negatively charged. 5 Studies on the structure-function relationship of different S-layers from Bacillaceae revealed the existence of specific ͑lectin-type͒ binding domains on the N-terminal part of the S-layer proteins for secondary cell wall polymers ͑SCWPs͒ covalently linked to the peptidoglycan matrix of the cell wall. [6] [7] [8] Nevertheless,
there are some examples for C-terminal interaction of SCWP and S-layer proteins. 9 SCWPs are highly specific for binding only S-layer proteins of those organisms on which they occur.
One of the most fascinating properties of S-layer proteins is their capability to reassemble in suspension, 10 at the liquid-air interface, 11 at solid surfaces, 12 at spread lipid monolayers, and on liposomes. [13] [14] [15] [16] [17] [18] This occurs after removal of the disrupting agent used in the dissolution procedure. In general, a complete disintegration of S-layer lattices on bacterial cells can be achieved by using high concentrations of chaotropic agents ͑e.g., guanidine hydrochloride and urea͒, by lowering or raising the pH value, or by applying a metal-chelating agent, e.g., ethylenediaminetetraacetic acid ͑EDTA͒ or ethylene glycol tetraacetic acid ͑EGTA͒, or cation substitution. Recrystallization starts at several distant nucleation points on the surface and proceeds in-plane until neighboring crystalline areas meet. In this way, a closed mosaic of randomly aligned monocrystalline S-layer domains is formed. The size and shape of the individual domains depend on the particular S-layer species used, on the properties of the S-layer protein solution ͑e.g., temperature, pH value, ionic composition, and/or ionic strength͒, and, for recrystallization on solid supports, on the surface properties of the substrate.
A crystalline bacterial cell S-layer has been introduced as an intermediate layer between a lipid membrane and the substrate since biophysical studies have shown that S-layer proteins recrystallized on lipid films ͑planar systems or liposomes͒ have a stabilizing effect on the associated membrane leading to an improvement in lifetime and robustness. This observation has led to the concept of using S-layers as a stabilizing structure in the development of solid supported lipid membranes. [14] [15] [16] [17] [18] Since S-layer-supported and S-layer-stabilized lipid membranes represent supramolecular structures resembling the architecture of cell envelopes of gram-negative archaea, the proposed approach constitutes a biomimetic concept that opens up new avenues in basic and applied membrane science ͑Fig. 1͒.
FIG. 1.
Schematic of S-layer stabilized solid supported lipid membranes. In ͑a͒, the S-layer is directly recrystallized on the gold-coated surface. Subsequently, a lipid membrane can be formed, e.g., by the Langmuir-Schaefer technique. In ͑b͒, thiol-functionalized secondary cell wall polymers ͑SCWPs͒ are directly bound to the gold surface. On this biomimetic surface, S-layer proteins can be recrystallized and finally, a lipid membrane can be formed. In ͑c͒, the S-layer is directly recrystallized on the gold-coated surface. To take advantage of the S-layer protein, SCWP interaction, lipid-SCWP constructs are added to the membrane-forming lipid resulting in membranes anchored on the S-layer lattice and tethered by SCWP. As an option, on all three composite architectures, S-layer proteins can be recrystallized as a protecting coat with molecular sieve function.
Phospholipid bilayers or tetraether lipid monolayers provide a matrix for the reconstitution of functional molecules ͑e.g., ion channels, carriers, pore-forming proteins, proton pumps, etc.͒ which are key elements in the development of membrane-based bioanalytical sensors. Planar freestanding lipid membranes are highly susceptible to damage during manual handling procedures and prolonged storage, and are therefore usually not used for practical devices. Consequently, much effort has been directed to the development of stabilized or supported lipid membranes in order to increase their long-term functional stability. Recently, it was proposed to place a soft polymer cushion between the substrate ͑e.g., silica or Au͒ and the functional lipid membrane in order to maintain the thermodynamic and structural properties of the latter. 19 This additional layer was also meant to act as a functional ionic reservoir and to provide the space and the environment for the incorporation of proteins in a well-defined orientation under nondenaturing conditions. 20, 21 Several approaches to stabilized integrated bilayers have been reported in the literature. These include bilayers with the inner monolayer covalently bound to the substrate with or without tether molecules, [22] [23] [24] [25] bilayers electrostatically attracted to the substrate, freely supported lipid bilayers separated from the substrate by ultrathin water layers, and bilayer membranes resting on ultrathin, soft hydrated polymer films. [26] [27] [28] [29] In this paper, we summarize some of our efforts toward constructing solid-supported functional lipid membranes. We describe some characteristic features of Langmuir monolayers of lipid systems at the water/air interface, compare the results with membranes tethered via flexible spacers to a solid support, and finally, describe experiments aimed at developing biomimetic membranes based on protein sheet crystals.
II. RESULTS AND DISCUSSION
A. Lipid monolayers at the water/air interface for the characterization of lipid-secondary cell wall polymer constructs Accessory SCWP from Lysinibacillus sphaericus CCM 2177 and Geobacillus stearothermophilus PV72/p2 play a key role for a controlled recrystallization of the respective S-layer proteins, SbpA and SbpB. The N-terminal part of SbpA and SbsB comprises the typical S-layer homologous domain, which specifically recognizes the corresponding SCWP as binding site. 30, 31 The SCWPs are composed of disaccharide repeating units 7 and contain pyruvate ketals which provide a net negative charge.
9,31 SCWP 2177 was isolated from peptidoglycan-containing sacculi of L. sphaericus CCM 2177 and was purified. 31 Characterization of the isolated and highly pure SCWP 2177 was performed with fluorescence assisted carbohydrate electrophoresis and high pressure liquid chromatography. Although the degree of polymerization ͑chain length͒ of SCWP 2177 is very reproducible for the whole preparation, the polymer chains seem to be not homogeneously pyruvylated. Studies on the structurefunction relationship revealed that up to 237 C-terminal amino acids from SbpA can be deleted without influencing the formation of the p4 lattice structure. 30, 32 Chemical modification of the reducing end on the polymer chains was performed with the aim to introduce a terminal sulfhydryl group by modification with 2-iminothiolane. 33 In a final step, the thiolated SCWP 2177 was coupled to the phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl ethanolamin-N-͓4-͑p-maleimidophenyl͒butyramid͔ ͑MPB-DPPE͒ to form the SCWP 2177 -DPPE conjugate. The coupling of SCWP with DPPE ͑1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine͒ is a key approach for fabricating supramolecular architectures since it allows to make a homo- geneous SCWP-DPPE film at the air-water interface with the SCWP facing the subphase ͓Fig. 2͑a͔͒. Comparative studies with 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine ͑DMPE͒ have also been performed ͓Fig. 2͑b͔͒. The S-layer protein SbpA, isolated from L. sphaericus CCM 2177, was injected into the subphase and recrystallized at the SCWP 2177 -DPPE film. The inner face of SbpA ͑with respect to the native orientation on the bacterial cell͒ was found to be oriented toward the SCWP 2177 .
Finally, the composite SCWP 2177 -DPPE layer, or the S-layer protein-SCWP 2177 -DPPE architecture was deposited onto a solid substrate either by a Langmuir-Blodgett or a Langmuir-Schaefer transfer. In both cases, a crystalline S-layer lattice with a high degree of range order was found ͓Fig. 2͑c͔͒. In particular, the use of genetically functionalized S-layer proteins will allow to "weave a protein carpet" which exhibits biological functionalities according to the lattice parameters of the S-layer.
B. Assembly of S-layer proteins onto solid supports
The assembly of S-layer proteins from solution to a solid substrate, in this case, a Au-coated glass slide, could be followed in-situ and in real time by surface plasmon resonance ͑SPR͒ spectroscopy. The substrate was mounted in a flow cell attached to the glass prism used in the Kretschmann configuration for the excitation of surface plasmon modes probing the noble metal/buffer interface. 34 Figure 3 shows the formation ͑crystallization͒ of a monolayer of the S-layer protein SbpA directly onto the Au surface ͑blue curve͒. The thickness was calculated based on a refractive index of n = 1.45 assumed for the protein layer. A complete monolayer with a thickness of d = 8 nm, fully covering the substrate is obtained after 40 min.
A further powerful surface-sensitive technique to follow the S-layer self-assembly on solid surfaces in real time is quartz crystal microbalance ͑QCM͒ with dissipation monitoring ͑QCM-D͒. 35, 36 QCM is an ultrasensitive mass sensor that monitors the real-time change in adsorbed amount of material ͑including coupled water mass͒.
37,38
The S-layer protein SbpA has been recrystallized on silicon dioxide-coated sensor surfaces with a thickness of the SiO 2 layer of 50 nm. The increase in mass per time has been investigated in-situ by a QCM-D device from Q-Sense ͑Fig. 4͒. The self-assembly of SbpA on SiO 2 surfaces gave rise to a mass increase of 1050Ϯ 70 ng/ cm 2 ͑n = 8 independent measurements͒. In line with the SPR measurements, the self-assembly process is completed after approximately 45 min ͑Fig. 3͒. The protein mass of SbpA without the mass of coupled water was measured by SPR and was found to be between 620 and 650 ng/ cm 2 . 39 As it is obvious that S-layers are highly water-containing structures, the difference in QCM-D and SPR mass can be attributed to trapped water inside and coupled to the S-layer lattice. Using QCM-D and SPR in parallel thus gives an understanding of the complete self-assembly process. The mass increase of 1050 ng/ cm 2 corresponds to a thickness of 9.3Ϯ 0.8 nm, as calculated by using the Sauerbrey equation 40 and is in good agreement with the value obtained by SPR ͑Fig. 3͒. As the dissipation D increased to a final value of ͑4.8Ϯ 0.3͒ ϫ 10 −6
͑n =8͒, the thickness, however, may be underestimated by the Sauerbrey equation and modeling studies are presently under progress. 
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Similarly, the formation of a well-defined monolayer of a SCWP by adsorption from solution could be followed by SPR spectroscopy ͑Fig. 3, red curve͒. By assuming a refractive index of the polymer of n = 1.5, a thickness of the final coating of d = 4.2 nm is found. Onto this, the corresponding S-layer protein SbsB readily forms a monolayer of also d =8 nm ͑Fig. 6, green curve͒. We should mention that this adsorption is completely specific, i.e., this SCWP layer is totally inert toward the injection of the S-layer protein SbpA.
C. S-layer stabilized lipid membranes
For S-layer stabilized lipid membrane ͑SsLM͒ formation, a sheet of polyethylene plastic was vertically attached to the open side of the homemade measuring chamber. [41] [42] [43] The contact area between the sheet and the chamber was sealed with an O-ring previously treated with silicone paste. An orifice was made through the plastic sheet by punching with a perforating tool ͑0.4 mm in diameter͒. The orifices showed an area of approximately 10 −3 cm 2 as determined by light microscopy. An SbpA-coated gold substrate ͑test electrode͒ was placed over the aperture with the S-layer pointing toward the compartment. As shown in Fig. 1 , SbpA may be directly recrystallized on the gold surface ͓Fig. 1͑a͔͒, or recrystallized on thiolated SCWP to utilize the specific SbpA-SCWP interaction for defined orientation and higher longrange order of the SbpA lattice ͓Fig. 1͑b͔͒. Another approach based on the SbpA-SCWP interaction is to add lipid-SCWP constructs to the membrane-forming lipid to gain in stability of the composite layered architecture ͓Fig. 1͑c͔͒. After mounting the substrate, the chamber was filled to just above ͑for phospholipids͒ or below ͑for tetraetherlipids͒ the aperture with electrolyte and was placed into a Faraday cage. Subsequently, 2 l of the lipid dissolved in n-hexane/absolute ethanol ͑9:1, v / v; 0.5 mg/ml͒ was spread on the aqueous surface to form a lipid monolayer. The membranes were generated by a modified Langmuir-Blodgett technique by transferring the phospholipid monolayer twice over the aperture by lowering and raising the electrolyte level. With tetraetherlipids, simply one raising step of the lipid monolayer was sufficient. Interestingly, in contrast to other bilayer lipid membrane techniques, no pretreatment of the orifice with alkane or lipid was required.
SsLM formed by a modified Langmuir-Blodgett technique were investigated by electrochemical impedance spectroscopy ͑EIS͒. 41 The specific capacitances of phospholipid bilayers and tetraetherlipid monolayers were 0.53 and 0.75 F / cm 2 , respectively. Membrane resistances of up to 80 M⍀ cm 2 were observed for phospholipid bilayers resting on SbpA. 41 In addition, membranes supported by a top layer of SbpA exhibited a remarkable long-term robustness of up to two days. More recent studies using tetraetherlipids as membrane-forming lipid demonstrated for SsLM with a S-layer cover a long-term robustness of approximately one week. The functionality of lipid membranes resting on S-layer covered gold electrodes has been demonstrated by the reconstitution of membrane-active peptides such as alamethicin, gramicidin A, and valinomycin. For instance, due to the formation of conductive alamethicin channels, the membrane resistance ͑80 M⍀ cm 2 ͒ dropped approximately two orders of magnitude, whereas the capacitance was not altered. 41 These present results obtained so far have proven that SsLM are promising structures for membrane protein-based biosensor technology.
D. Tethered bilayer lipid membranes "tBLMs…
The design of functional tethered bilayer membranes requires a deeper understanding of the molecular interactions that determine supramolecular organization at interfaces. One important aspect of the work reported here concerns the structural and functional organization of tBLMs at the molecular level. To this end, we synthesized the corresponding lipids, e.g., diphytanoyl-glycerol-tetraethyleneglycol lipoic acid, 44, 45 and tetradecyloxy-heptaoxahexatricontane-thiol ͑WC14͒, 46, 47 as well as used a commercial product with longer ethyleneglycol ͑EG͒ chains, Avanti Polar Lipids DSPE-PEG-PDP, Cat. No. 880127 ͓distearoylphosphatidyle-thanolamine ͑DSPE͒; pyridyldithio-propionate ͑PDP͔͒.
The common theme of these molecules that serve as tethering anchors for the tBLM architectures become apparent in Fig. 5 . All of the organic structures were formed on atomically flat gold substrates, sputtered upon Si wafers on top of a Cr layer necessary for bonding the gold film to the Si substrate. Typical rms roughness values of the Au surfaces, measured within the m-sized in-plane coherence by x-ray reflectometry, were on the order of 5 Å. These surfaces were uniform as measured by ellipsometry across the 75 mm wafers required for neutron scattering investigations, and were typically between 100 and 200 Å thick. Samples for EIS and optical characterization were typically 20ϫ 40 mm 2 in area. They were sputtered with thicker gold layers ͑typically 100 nm͒ and supported a number of parallel experiments, e.g., six independently prepared tBLM areas for EIS measurements. Details of the substrate preparations have been described in Ref. 46 .
The rationale for including a hydrophilic polymer, such as an oligo͑EG͒, between a reactive thiol or mercapto group and the lipid anchor is to engineer a molecularly thin, disjoining layer between the inorganic solid state surface and the bilayer membrane which is highly hydrated, stable, and uniform in thickness. This submembrane space ensures that the lipid membrane is not immobilized by direct molecular interactions with the substrate and, if sufficiently thick, provides space to accommodate hydrophilic segments of transmembrane proteins incorporated into the tBLMs for their functionalization. Specifically, with WC14 as the membrane anchor, we established a protocol that consists of selfassembly of a mixed monolayer of the thiolated tether lipid with a "backfiller," followed by bilayer completion with phospholipids in a "rapid solvent exchange" procedure. 25 This protocol results in high-quality, electrically insulating membranes with a number of compositions, ranging from branched ͑phytanoyl͒ via saturated ͑palmitoyl, myristoyl͒ to unsaturated ͑oleoyl͒. Both zwitterionic ͑phosphocholine͒ and anionic ͑phosphoglycerol͒ head groups, as well as cholesterol, were incorporated into tBLMs. While the submembrane space in similar systems has previously not been systematically investigated on the molecular scale, the advancement of neutron scattering technology in recent years 48 has made such a detailed characterization available. Hydration of the submembrane space critically depends on the formation of the self-assembled monolayer ͑SAM͒ by coadsorption of WC14 together with a short, hydrophilically terminated backfiller, ␤-mercaptoethanol ͑␤ME͒.
46 Figure 6 shows neutron reflectivity results that compare structures at different solvent contrasts in which the tBLMs were based on SAMs adsorbed from a solution of pure WC14 ͑upper frame͒ and of a 30:70 ͑mol:mol͒ mixture of WC14 with ␤ME ͑lower frame͒. It is evident that the neutron scattering length density ͑nSLD͒ in the region of the submembrane space changes upon exchange of the solvent ͑pure D 2 O against a H 2 O / D 2 O mixture͒ in the case of the WC14: ␤ME-based tBLMs, whereas the nSLD remains constant underneath the membrane based upon pure WC14. Quantitative evaluation of such nSLD variations enable a precise determination of the solvent content in this layer, which may reach ϳ60% by volume at high ␤ME proportions in the adsorption solution. 46 The hexaethyleneoxide tether is fairly extended in the tBLMs ͑d tBLM ϳ 17-13 Å, with smaller thicknesses at higher ␤ME proportions/higher hydrations while the extended length is estimated from the molecular model as d ext ϳ 20 Å͒. Particularly, in SAMs from high proportions of ␤ME, bilayer completion through vesicle fusion does not work, since the SAM surface in air is rather hydrophilic, 46 but works rather well through rapid solvent exchange. As judged by neutron reflectometry, such bilayers are nearly 100% complete ͑with a typical error of this number in the range of 2%-3%͒.
With the tether lipids that contain oligo͑EG͒, which have been discussed so far, the thin submembrane layer ͑d Ͻ 20 Å͒ may not be sufficient to accommodate membrane proteins with large hydrophilic domains on both sides of the biomembrane. We have therefore also studied tBLMs based upon DSPE-PEG2000-PDP, where the spacer incorporates ϳ45 EG repeats. Preparation procedures generally followed those described above. No backfilling was necessary to obtain a well-hydrated submembrane compartment ͑see below͒. Following SAM formation, the water contact angle was in the range of 70°-90°. Despite this low hydrophobicity, tBLMs were formed with rapid solvent exchange by using diphytanoylphosphatidylcholine ͑DPhyPC͒ or dioleoylphosphatidylcholine ͑DOPC͒, and were subjected to characterization with neutron reflectometry ͑see Fig. 7 for a sample completed with DPhyPC͒. However, tBLMs prepared in this way were not sufficiently electrically insulating for characterization with EIS. Figure 5 demonstrates that the rapid solvent exchange procedure produces structurally intact and laterally homogeneous and complete tBLMs on DSPE-PEG-PDP SAMs. A fairly complex model, which incorporates nine layers, describes the three independent spectra quite well over the entire range of momentum transfer covered in the measurements. Note that not all model parameters have been fitted, since the substrate components have well-established nSLD parameters, and that the three contrasts, measured on the same sample after replacing the solvent with buffer of various isotopic compositions, are coupled in a compositionspace refinement evaluation. [49] [50] [51] For this evaluation, the ga_refl implementation 52 was used. The most striking distinction of the nSLD profiles shown in the inset of Fig. 7 to those typical of tBLMs based on oligo͑EG͒ concerns the submembrane space which is d ϳ 60 Å in thickness. Not surprisingly, it is highly hydrated ͑note the only slight differences between the nSLD values in the submembrane space and the bulk for each contrast͒ and contains Ͼ70% water by volume. Apparently, the chain conformations are quite disordered ͑extended length, d ext ϳ 160 Å for n =45͒, and therefore the observed thickness of the submembrane space is closer to the polymer's gyration diameter ͑2R G ϳ 69 Å͒ than to d ext . It is also obvious that the distribution of EG segments is not homogeneous along the surface normal. We have not been able to model the experimental data with one slab for the submembrane space.
Rather, there appears to be a thin ͑d ϳ 10 Å͒, EG-dense ͑60 vol %͒ region close to the gold surface while a 50 Å thick slab close to the membrane appears reasonably homogeneous and highly hydrated ͑ϳ80% water͒. According to the best-fit model, ϳ30% of the EG repeat units are adsorbed to the gold surface.
The bilayer structure centered at z ϳ 80 Å is fairly complete. The model suggests a coverage of the available surface area that amounts to 100% for the inner bilayer leaflet and 97% for the outer. Uncertainties in these numbers are Ϯ3%. While the solvent contrast based on H 2 O does not contribute much information about the hydrophobic lipid slab, it is invaluable to discriminate the lipid head group features in the structure ͑see features in the nSLD profile centered at z ϳ 63 and 98 Å͒. By exploiting such structural detail, one may thus speculate that upon incorporation of transmembrane proteins, neutron scattering might be able to reveal changes in the distribution of lipid head groups along the surface normal in response to its accommodation of the protein, particularly if isotopic labeling of head group components is used. Recent success in incorporating protein toxin pores into tBLMs at high lateral concentrations 53 has been an encouraging first step in this direction.
Sparsely tethered BLMs provide a simple, but highly flexible and robust biomimetic membrane system for studies and applications of biological membranes. In our laboratory, such FIG. 6 . ͑Color online͒ Neutron SLD profiles along the surface normal, z, of tBLMs prepared on tethered SAMs that were adsorbed to 10 nm thick gold films by adsorption from organic solutions that contained WC14 only ͓panel ͑a͔͒ and a 30:70 ͑mol:mol͒ mixture of WC14 and ␤ME. The subsequent completion of the tBLMs with DPhyPC by rapid solvent exchange, i.e., incubation of the SAM with a highly concentrated ethanolic solution of the lipid, followed by the rapid replacement through injection of aqueous buffer ͑Ref. 46͒, was identically conducted in the two preparations. Note that the nSLD is almost identical in the submembrane space in panel ͑a͒ whereas it is distinct in panel ͑b͒.
tBLMs are now being used to investigate the molecular organization of protein toxin pores in membranes 53 and to study toxicity mechanisms of ␤-amyloid oligomers 54 implicated in Alzheimer's disease. The tBLMs are long-term stable, electrically sealing, and laterally homogeneous on the molecular length scale. The protocol is currently being extended to the preparation of mixed membranes and to surfaces with controlled charge density. The approach can be scaled to large and small surface areas. The two-step formation of the bilayer membrane ͑producing first a stable SAM, followed by noncovalent membrane completion with any from a range of saturated and unsaturated lipids, or lipid mixtures͒ and reversibility of membrane formation by solvent rinsing imply that SAMs may be recycled and reused. The robustness and flexibility of the system make it amenable to various characterization techniques, and also make it potentially useful in many biomimetic metrologies, including biosensors.
E. Simulation of the ion translocation across tBLMs
The successful assembly of complex tethered and/or S-layer protein supported bilayer lipid membranes is a prerequisite for the next step toward membrane-based biosensors, i.e., their functionalization by ion translocating ionophores or proteins. This has been shown for the reconstitution of valinomycin and alamethicin.
The specific constraints of such an interfacial architecture assembled on a solid substrate for the distribution of ions and water molecules near and across the tethered/supported membrane and, in particular, the very limited space in the cleft between the bilayer and the solid support influence the electrical/electrochemical response of such an architecture to ͑external͒ changes in the ionic concentrations in the attached flow cell by the application of an external voltage ͑with the substrate being the working electrode and a reference electrode positioned somewhere in the buffer solution͒, or as a consequence of the ion translocation activity of the incorporated active elements, e.g., the ͑gated͒ opening and closing of a channel structure.
In a classical simulation approach, this response is described by calculating the current passing through a circuitry composed of a minimal number of passive elements, typically resistors and capacitors, as a function of the applied voltage with variable elements, until a satisfactory description of the experimentally observed behavior is reached. The required elements are then interpreted as the representations of the various features of the interfacial architecture. For example, the lipid bilayer is described by a parallel arrange- ment of a capacitor and an Ohmic resistor, while the tethering layer is a mere capacity and the bulk electrolyte a resistor, both in series to the bilayer membrane.
A limitation of simulating EIS data with purely passive circuit elements is the difficulty to accurately describe kinetic features related to ion transport across the membrane through either membrane permeation or more complicated transport mechanisms such as the ion-shuttle mechanism proposed for valinomycin. 55 Therefore, we started to develop and to apply a different approach, based on a code developed for general network analysis, called SPICE. 56 Figure 8 displays a schematic representation of elements of such a network needed to describe the passive permeation of ions across a lipid bilayer tethered to a solid support. Traditional passive elements are used to represent storage components, such as the membrane capacitance ͑C mem ͒ and the double-layer capacitance ͑C sr ͒, and bulk ionic diffusion is represented by a simple resistance ͑R ex ͒. The subcircuit represented by ionperm describes the permeation of ions generating an ionic current as a response to the concentration difference between ion ͑i.e., Cl -or K ϩ ͒ across the membrane, and the difference of the potential across the lipid bilayer, ⌬⌽ mem = ⌽ in − ⌽ ex . This current contribution is calculated within the simulation by solving the integrated Nernst-Planck flux equation correlating the flux of K + ions to the passive permeability and the gradient of electrochemical potentials across the membrane. The corresponding subcircuit can simply be treated as a plug-in module to the basic network used then to calculate the complete current, composed of charging contributions and ion permeation. Greater detail about the simulations can be found in Ref. 57 . Figure 9 displays the result of such a simulation with the membrane in a 100 mM KCl electrolyte solution. Under the simplifying assumption that K + ions are the only species redistributing between the bulk of the solution and the submembrane space, and assuming a K + permeability across the membrane of P K + =10 −9 cm/ s, the electronic and ionic response to the applied potential is displayed. At tϭ0, with Uϭ0 V, both the membrane potential drop and ionic current vanish, because ͓K in + ͔ = ͓K ex + ͔ ͑=0.1 M͒. When the potential is stepped to U = + 100 mV, the potential drop initially occurs entirely across the membrane. Subsequently, K + ions electrodiffuse across the membrane with a relaxation time proportional to the membrane permeability. The new steady state is characterized by an internal ion concentration, ͓K in + ͔ Ϸ 80 mM, and a transmembrane potential of ⌬⌽ mem Ϸ 6 mV. Ion diffusion is associated with a transient current across the membrane which decays to zero with the same relaxation time. Subsequent voltage jumps to U = −100 mV and back to 0 V are followed by analogous changes in ion concentration, membrane potential, and transmembrane current.
III. CONCLUSIONS AND OUTLOOK
The presented results clearly document that the use of the S-layer proteins as building blocks in the assembly of func- tional solid supported lipid bilayer membranes results in architectures with an enhanced functional performance in combination with a better structural robustness and stability beyond the properties of the mere tethered bimolecular lipid membrane. This opens the way for novel strategies in the development of artificial membrane biosensor platforms by combining natural elements such as the S-layer proteins with artificially modified modules, e.g., thiolated SCWP or even with fully synthetic construction blocks such as ethylene oxide tethered amphiphiles. The described elements of a whole construction kit allow for a broad range of tailor-made membrane architectures purposefully customized for specific applications. This could be the design of an optimized charge barrier with extremely low background conductivity for the recording of single channel current fluctuations, or a supported membrane with an uncompromised fluidity for studies of the lateral aggregation of membrane-integral proteins.
The various examples given demonstrate that we are getting closer to a better understanding of the important factors that determine the structural and functional features of supported lipid bilayers and, hence, their successful implementation in a membrane chip, complementing the gene and protein array, for multiplexed detection of analytes, e.g., drug targeting membrane receptors.
